Listening and Communication in Adverse Conditions
=================================================

It is widely accepted that understanding speech in background noise is the most common problem for people with hearing loss ([@B61]; [@B29]), as characterized by the typical statement "I can hear but I cannot understand what is being said." In addition to a loss of hearing sensitivity, there may be additional deficits of temporal and spectral processing that contribute to listening difficulties ([@B26]). Furthermore, there is mounting evidence that non-sensory factors such as cognition, motivation, and context, play an important role in both listening to speech (one-way interaction process) and communication (bi-directional interaction; [@B31]; [@B44]; [@B47]). This is particularly evident for older listeners ([@B19]; [@B39]).

The role of cognition becomes more apparent when communicating in adverse conditions, such as when listening to speech in fluctuating background noise or competing talkers ([@B1]; [@B28]). Speech in noise performance is associated with cognition, and the role of cognition becomes increasingly important as the complexity of the listening task increases ([@B21]). For a listener to be able to understand a specific speech source amongst a background of other talkers, the auditory streams or sound sources need to be simultaneously attended to and monitored, and attention may need to be switched between them ([@B18]; [@B51]). This requires the engagement of executive processes that regulate, control, and manage other cognitive processes, such as attention and working memory (WM; [@B8]).

Cognition and the Clinical Management of People with Hearing Loss
=================================================================

The role of cognition has implications for the clinical management of people with hearing loss. Hearing aids (HAs) are the main intervention for people with hearing loss and have undergone significant advances in digital technology over the last two decades. Whilst satisfaction with HAs has improved since the 1990s ([@B32]), users often continue to encounter difficulties in challenging listening conditions ([@B30]). Early studies with HA users showed an association between behavioral and subjective HA outcomes and measures of cognitive skills ([@B17]; [@B34]). Furthermore, those with better cognitive skills were better able to take advantage of advanced signal processing strategies, such as fast-acting compression ([@B14]; [@B35]). Other processing strategies, such as noise reduction algorithms, have also been shown to reduce effortful listening and free up cognitive resources to be used for other tasks ([@B48]).

When considering interventions to aid communication in people with hearing loss, HAs alone are not the only option. Other rehabilitation approaches include patient-centered education, counseling, and auditory perceptual training, which can help impaired listeners compensate for degradation in the auditory signal and improve communication ([@B57]). This article focusses on developments in auditory training (AT), and more recently cognitive training, and how this may improve speech perception, cognition and ultimately, everyday communication in adults with hearing loss, offering a view to future research directions.

Auditory Training
-----------------

Auditory perceptual training can be described as teaching the brain to listen through active engagement with sounds, whereby listeners typically learn to make perceptual distinctions between sounds presented systematically ([@B49]). Training on perceptual distinctions implies a primarily bottom-up approach to training whereby the individual actively listens to auditory stimuli (e.g., tones, phonemes, words) to improve listening and communication. This is reflected in the literature where traditionally, training studies have focussed primarily on the sensory refinement of auditory stimuli to improve speech perception ([@B15]; [@B56]). But as [@B49] definition suggests, the role of top--down cognitive processes is implicit in AT and subsequent learning. This has been demonstrated by training on non-auditory tasks, such as visual discrimination or visuospatial tasks, and auditory tasks with identical stimuli, resulting in learning in the auditory domain ([@B2]). Such results imply that learning is mediated by top--down processes. Thus, AT may provide a means to improve both auditory and cognitive processes in people with hearing loss in order to improve listening and communication in everyday life ([@B43]).

Efficacy of Auditory Training
-----------------------------

The turn of the last decade saw a proliferation of individualized, computer-based auditory training research. Basic research sought to better understand the underlying principles and biological mechanisms of AT in normally hearing listeners (e.g., [@B59]; [@B10]; [@B63]; [@B54]). In addition, translational research sought to establish the efficacy of AT to improve outcomes for people with hearing loss, including users of HAs and cochlear implants (for review, see [@B22]). Efficacy of AT can be assessed by (i) improvements in performance for the trained task (on-task learning), (ii) improvements in performance on the untrained task (off-task, generalized, or transfer of learning), (iii) retention of learning for a period after training ceases, and (iv) adherence of the individual with training. This article concentrates on (i)--(iii). Motivations of individuals to participate in, engage with, and adhere to home-delivered training are discussed elsewhere (Henshaw et al., in review; [@B12]).

Our recent systematic review on the efficacy of computer-based auditory training as a clinical intervention for adults with hearing loss summarized the evidence base between 1996 and 2011 and included 13 studies ([@B22]). The review concluded that, where reported, on-task learning always occurred in those with mild-moderate hearing loss (whether HA users or not) for a range of training stimuli including phonemes, words, and sentences (e.g., [@B7]; [@B56]; [@B57]). The evidence for on-task learning in cochlear implants users generally followed this trend (e.g., [@B15]; [@B60]; [@B41]) with the exception of [@B55]. However, the evidence for generalization of learning to untrained measures was mixed. Although generalized improvements were shown for speech intelligibility (11/13 articles), self-report of communication (1/2), and cognition (1/1), the improvements were variable in that reported improvements were inconsistent across studies, and the magnitude of improvement was small and not robust. It was notable that all the studies had at least one outcome measure on speech intelligibility, yet different studies rarely used the same measure. Only two studies measured self-reported communication as a means to tap into perceived real-world benefits of training, and just one study measured cognition. The quality of the evidence for included studies was very-low to moderate. Reasons for this included failure to include a control group, and a lack of randomization, power calculation, and participant or tester blinding.

Our Approach to Auditory Training
=================================

Following on from the systematic review, we sought to address many of the study quality limitations of the existing published evidence with a series of three high-quality auditory and cognitive training studies that aimed to assess benefits to speech perception, cognition, and self-reported communication in people with mild-moderate hearing loss. The study methods are outlined in **Table [1](#T1){ref-type="table"}**. Outcome measures are shown in **Table [2](#T2){ref-type="table"}**, and are described in more detail in the original articles.

###### 

Study and participant characteristics.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Methods                                Auditory training 1\                                                          Auditory training 2\                                                           Working memory training\
                                         [@B13]                                                                        [@B24]                                                                         [@B23]
  -------------------------------------- ----------------------------------------------------------------------------- ------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------
  Study design                           Randomized controlled trial                                                   Repeated measures                                                              Randomized controlled trial

  Intervention                           Phoneme discrimination in quiet\                                              Phoneme discrimination in multitalker babble\                                  Verbal and Visuospatial working memory and storage tasks\
                                         11 phoneme continua\                                                          11 phoneme continua\                                                           Cogmed RM
                                         Phonomena/IHR STAR                                                            Phonomena/IHR Star                                                             

  Intervention duration requested        360 min (6 h) across 4 weeks 15 min/day, 6 days/week (total = 24 sessions)\   210 min (3.5 h) across 1 week (7 days), 2 × 15 min/day (total = 14 sessions)   Approximately 990 min (16.5 h) across 5 weeks, 35--45 min sessions/day, 5 days/week (total = 25 sessions)
                                         \                                                                                                                                                            
                                         Immediate Trained (IT): weeks 1--4\                                                                                                                          
                                         Delayed Training (DT): weeks 5--8                                                                                                                            

  Retention period                       4 weeks post-training:\                                                       None                                                                           6 months post-training
                                         IT: weeks 4--8\                                                                                                                                              
                                         DT: weeks 8--12                                                                                                                                              

  Control activity                       None                                                                          None                                                                           Active control working memory tasks -- span fixed at 3

  Control period: duration               DT: T1--T2 = 4 weeks                                                          T1--T2 = 1 week                                                                T2--T3 = 5 weeks

  Test--retest period                    DT: T1--T2 = 4 weeks                                                          T1--T2 = 1 week                                                                T1--T2 = 1 week

  n participants (n females)             44 (15)                                                                       30 (10)                                                                        57 (30)

  Participants (source of recruitment)   Non-HA users, mild hearing loss (general practitioner)                        Existing HA users, mild-moderate hearing loss (volunteer database)             Existing HA users, mild-moderate hearing loss (volunteer database)

  Mean age in years (SD)                 65.3 (5.7)                                                                    67.4 (7.1)                                                                     64.9 (6.0)

  Mean BEA~0.5-4kHz~ (SD) dB HL          32.5 (6.0)                                                                    43.6 (13.6)                                                                    44.0 (13.8)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

IT, immediate trained; DT, delayed trained; HA, hearing aid; BEA, better-ear average; min, minute; T1--T2, time period between the first two test sessions to measure test--retest effects

.

###### 

Summary of results for untrained tasks.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                               Simple                                                   Complex                                                                                             
  -------------------------------------------- -------------------------------------------------------- -------------------------------------------- ------------------------------------------------------ --------------------------
  **Auditory training 1: [@B13] (*n* = 44)**                                                                                                                                                                

  Speech perception                            Digit Triplet Test in steady speech-shaped noise^1^      NS within group for IT or DT (*p* \> 0.05)   N/T                                                    N/A

                                               Adaptive Sentence List in 8-Hz modulated noise^2^        NS within group effect\                      N/T                                                    N/A
                                                                                                        for IT or DT (*p* \> 0.05)                                                                          

  Cognition                                    Digit Span^3^                                            NS within group for IT or DT (*p* \> 0.05)   Visual letter monitoring^4^\                           All trained:\
                                                                                                                                                     1/s (fast) updating                                    *p* = 0.003, *d* = 0.50\
                                                                                                                                                                                                            DT control:\
                                                                                                                                                                                                            NS (*p* \> 0.05)

                                               Test of Everyday Attention^5^ -- single attention task   NS within group\                             Test of Everyday Attention -- dual task decrement      All trained:\
                                                                                                        for IT or DT (*p*\> 0.05)                                                                           *p* = 0.001, *d* = 0.53\
                                                                                                                                                                                                            DT control:\
                                                                                                                                                                                                            NS (*p* \> 0.05)

  Communication                                Glasgow Hearing Aid Benefit Profile^6^:\                 NS within group for IT or DT (*p* \> 0.05)   Glasgow Hearing Aid Benefit Profile:\                  All trained:\
                                               Television set to set to level for others\                                                            Having a conversation with several people in a group   *p* = 0.005, *d* = 0.68\
                                               1:1 conversation in no background noise\                                                                                                                     DT control:\
                                               Conversation in a busy street or shop                                                                                                                        NS (*p*\> 0.05)

  **Auditory training 2: [@B24] (*n* = 30)**                                                                                                                                                                

  Speech perception                            N/A                                                      N/A                                          Competing speech^7^                                    Trained period:\
                                                                                                                                                                                                            *p* = 0.03, *d* = 0.47\
                                                                                                                                                                                                            Control period:\
                                                                                                                                                                                                            NS (*p* \> 0.05)

                                                                                                                                                     Dual task of speech and memory^8^                      Trained period:\
                                                                                                                                                                                                            *p* = 0.001, *d* = 0.77\
                                                                                                                                                                                                            Control period:\
                                                                                                                                                                                                            NS (*p* \> 0.05)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

IT, immediate trained; DT, delayed Trained; NS, no significant effect; N/T, not tested; N/A, not applicable.
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Across all three studies, hearing loss was described by the better-ear pure-tone threshold averaged across octave frequencies 0.5--4 kHz as either mild (21--40 dB HL), or moderate (41--70 dB HL). Participants were aged 50--74 years old, and training was home-delivered either via loan laptops (AT studies) or via the internet (working memory training). Each study included a control period that allowed for the examination of procedural learning (test--retest) effects on outcomes ([@B36]).

Auditory Training Study 1: Training Improves Outcomes that Index Executive Function
-----------------------------------------------------------------------------------

The study was a randomized controlled trial, whereby a 4-week phoneme discrimination training program was performed for the Immediate Trained (IT) group at weeks 1--4, and a Delayed Trained (DT) group at weeks 5--8 provided a control comparison. Outcome measure assessments were obtained for the IT and DT groups at weeks 0, 4, and 8, and for the DT group at 12 weeks ([@B13]).

Results showed significant and robust on-task learning for all trained phoneme continua. The on-task learning and retention of on-task learning results were consistent with studies in the systematic review. However, from a clinical perspective the value of training as an intervention lies in the generalization of task-specific learning to functional benefits in real-world listening. A summary of the results from the untrained outcome measures is shown in **Table [2](#T2){ref-type="table"}**, whereby tests and self-report questions were classified as complex if they indexed executive processes, and simple if they did not. Details of analysis using Multivariate Analysis of Variance is reported elsewhere ([@B13]). As we were also interested in the clinical effects of AT as an intervention, Cohen's *d* is reported where effect size was interpreted as small (0.2), moderate (0.5), and large (0.8) ([@B9]).

For the speech perception in noise tests that used energetic masking, there were no significant training-related improvements. For tests of cognition, there were no pre--post training improvements for the simple tasks, including simple-span WM measure (digit span) and the single attention test \[Test of Everyday Attention (TEA) subtest 6\] for either the intervention or control groups. However, for the complex tasks that indexed executive processes, there were significant pre--post training improvements shown for divided attention (TEA subtest 7) and the updating of WM (visual letter monitoring, VLM). For VLM there was a larger effect shown for the faster, more challenging presentation (one letter per second, *d* = 0.50) compared to the slower presentation (one letter every 2 s, *d* = 0.34).

For self-report of communication using the Glasgow Hearing Aid Benefit Profile (GHABP), there was a significant effect of training on the overall score for activity limitation (previously termed hearing disability) with a moderate effect size, suggesting real-world benefits were perceived by participants. A secondary analysis of the individual situations of the GHABP revealed an interesting insight in that no significant pre--post training improvements for the simple listening situations, such as 'having a conversation with one other person when there is no background noise' were shown. However, there was a significant effect of training for the most challenging listening situation 'having a conversation with several people in a group.' This requires the listener to constantly monitor the conversation, switch, and update attention (i.e., engage executive processes), whilst the other situations do not. These results were supported by qualitative analysis of open-ended questions and focus groups from participants who reported that the main benefits of the training were increased concentration and focus in everyday listening (Henshaw et al., in review). Across all measures where there were significant effects of training, these were retained 4 weeks post-training. Finally, in the participants where there were improvements in the GHABP measures, there was a significant correlation between self-report and divided attention (*r* = 0.79, *p* \< 0.001), suggesting that improvements in self-report were not a 'placebo' effect of undertaking the training program.

These results suggest that outcome measures need to be appropriately complex and challenging to be sensitive to the effects of AT, and taken together, the value of AT to mediate cognitive skills may be more important than the improvement of sensory skills for communication in everyday life.

This led us to reconsider the non-significant speech perception results. Given that AT showed an improvement in the cognitive functions that index executive processes, we made the hypothesis that training-related improvements would be evident in informational masked speech perception tests (e.g., competing speech) that engage executive processes ([@B50]), rather than the energetically masked speech tests that were included in this study, which primarily assess audibility. This was explored in study 2.

Auditory Training Study 2: Training Improves Competing Speech and Dual-Task Performance
---------------------------------------------------------------------------------------

This study used a within-participant repeated measures design with an initial 1-week control period, followed by a 1-week training period ([@B24]). The training duration was 3.5 h, just over half that of the previous study, as the majority of the phoneme discrimination learning had taken place by this time. The modified co-ordinate response measure (MCRM) used a single female talker target and single male talker masker, presented simultaneously. The dual-task included a digit recall task (secondary), which flanked a word-in-noise repetition test (primary), presented at three signal-to-noise (SNR) levels (quiet, 0 dB and -4 dB).

Participants demonstrated significant on-task learning for the trained auditory task. Results for the untrained measures are shown in **Table [2](#T2){ref-type="table"}**. For competing speech (MCRM), there was a significant pre--post training improvement with a moderate effect size and no improvement shown for the control (no-training) period. This confirmed our hypothesis and suggests that it is important to use appropriate speech measures that tap into the underpinning mechanisms of benefit provided by AT.

For the dual task, there was no effect of training for the easiest (quiet) or most difficult (-4 dB SNR) test conditions. However, there was a significant pre--post training improvement for the intermediate level of difficulty (0 dB SNR), with a large effect size. This suggests that the HA users in this study were better able to allocate their available cognitive resources between the speech and memory tasks post-training, and suggests that outcome measures need to be appropriately challenging in order to be sensitive to post-training improvements.

Given these results, we asked the question: "Could training cognition directly offer a more direct route to benefit for people with hearing loss?."

Working Memory Training for People With Hearing Loss
====================================================

We used a WM training program (Cogmed RM) comprising verbal and visuospatial WM and memory storage tasks. Published studies of Cogmed RM have shown post-training improvements in untrained tasks of attention and self-report of cognitive function in younger and older adults ([@B6]), and improvements in sentence repetition for children with cochlear implants ([@B33]).

Working Memory Training: Training Results in Near-Transfer but not Far-Transfer of Learning
-------------------------------------------------------------------------------------------

A registered clinical trial of 57 existing HA users with mild-moderate hearing loss assessed benefits to speech perception, self-reported communication, and cognition (for protocol, including outcome measures, see [@B23]). In addition to assessing generalization to untrained tasks, we examined how far along the spectrum of near-transfer (e.g., outcome is close to the trained task) to far-transfer (e.g., untrained task in a different modality) any improvements occurred ([@B42]). Results (not yet published), showed near-transfer (i.e., improvements in an untrained WM task), but no far-transfer (e.g., speech perception) of training-related improvements, despite a longer training duration than for the AT studies. These results are consistent with the cognitive neuroscience literature, which shows that WM training can enhance WM tasks that share similar structural features ([@B58]), however, training does not generalize to enhancement of the broader underlying cognitive constructs ([@B37]). It has been suggested that training-related improvements in trained WM tasks may be mediated by specific strategies, such as chunking or grouping ([@B11]), which may limit the broader applicability to benefit cognitive constructs underpinning successful communication for HA users.

Auditory-Cognitive Training: Joined-up Listening and Thinking
=============================================================

Recent studies of an auditory-based cognitive training program that combines auditory perceptual training with increased memory demands (Brain Fitness; Posit Science) have demonstrated generalized improvements in non-trained tests of memory, attention, and speed of processing in older adults ([@B52]), in addition to improved neural timing and speech perception in noise ([@B3],[@B4]). Similar results for a 'hybrid' training program comprising exercises of speech and cognition \[Listening and Communication Enhancement (LACE), [@B57]\] trialed in mainly HA users, showed generalized improvements in speech in noise, auditory WM and speed of processing, in addition to improvements in self-report of communication difficulties. However, it is not clear from these studies which element of the training program is responsible for the transfer of learning.

Future Directions
=================

Following on from our own research and developments from the current literature, we propose that benefits of training for people with hearing loss in terms of improved speech understanding in adverse conditions may be best achieved if an integrated auditory-cognitive training approach is taken. This approach would serve to target the cognitive processes that underpin speech perception within a speech task, rather than training specific cognitive tasks that are far-removed from speech. One benefit of this approach is that the degree of transfer required to realize real-world benefit is substantially reduced. Furthermore, the nature of the speech task is more readily perceived as relevant to individuals in terms of their hearing difficulties, which is likely to aid motivation for adherence (Henshaw et al., in review).

Finally, a recent study has shown a dynamic relationship between WM capacity and speech recognition in the first 6 months of HA use with WM playing a greater role in speech perception initially, whereas after 6 months hearing sensitivity is more influential ([@B40]). Based on the Ease of Language Understanding model ([@B46]), the authors suggest that as the unfamiliar processed phonological representations become more familiar with time, often referred to as acclimatization ([@B5]), there is a reduced requirement to use WM capacity for speech perception. However, the role of cognition in the acclimatization process is likely to extend beyond WM, and may call upon executive processes required for understanding speech. We are currently examining this in a longitudinal study of first-time HA users. Having identified which cognitive processes are important in acclimatization we aim to use a relevant auditory-cognitive training paradigm to minimize the difficulties faced in the early days of HA use.
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